We compared the volatile profiles in soy sauce according to inoculation with Tetragenococcus halophilus and/or Zygosaccharomyces rouxii. Totals of 107 and 81 volatiles were respectively identified by using solidphase microextraction and solvent extraction. The various volatile compounds identified included acids, aldehydes, esters, ketones, furans and furan derivatives, and phenols. The major volatiles in the samples treated with T. halophilus were acetic acid, formic acid, benzaldehyde, methyl acetate, ethyl 2-hydroxypropanoate, 2-hydroxy-3-methyl-2-cyclopenten-1-one, and 4-hydroxy-3-methoxybenzaldehyde, while those in the samples inoculated with Z. rouxii were mainly ethanol, acetaldehyde, ethyl propanoate, 2/3-methylbutanol, 1-butanol, 2-phenylethanol, ethyl 2-methylpropanoate, and 4-hydroxy-2-ethyl-5-methyl-3(2H)-furanone. The results indicate that T. halophilus produced significant acid compounds and could affect the Z. rouxii activity, supporting the notion that yeasts and lactic acid bacteria respectively have different metabolic pathways of alcoholic fermentation and lactic acid fermentation, and produce different dominant volatile compounds in soy sauce.
Soy sauce, a soybean-based fermented food, is used in the cooking and seasoning of many Asian foods. Its popularity is increasing worldwide, mainly due to its characteristic flavor and umami taste.
1) The industrial manufacturing process for soy sauce generally consists of three main steps: making koji, fermenting brine, and refining. Making koji involves inoculating cooked soybeans with Aspergillus oryzae (A. sojae) which produces such extracellular enzymes as proteases and amylases that hydrolyze proteins and polysaccharides in the soybeans. A brine mixture is then made by steeping the obtained koji in a salt solution. The brine mixture can be inoculated at this point with such a pure cultured lactic acid bacterium as Tetragenococus halophilus and such yeast as Zygosaccharomyces rouxii. Since these salt-tolerable lactic acid bacteria and yeasts are the predominant microorganisms during brine fermentation, adding pure cultured T. halophilus and Z. rouxii can accelerate and develop the formation of flavor in soy sauce. 2, 3) The high salt concentration also prevents the growth of undesirable microorganisms. The enzymes from the koji continuously break down the macromolecules in soybeans into smaller molecules such as sugars, peptides, and amino acids. During the growth of T. halophilus and Z. rouxii, diverse secondary metabolites, including the volatile flavor components, are formed via different metabolic pathways during lactic acid fermentation and alcoholic fermentation.
3) The objective of brine fermentation is consequently to maximize both flavor production and hydrolysis of the macromolecules in soybeans. 4) Nearly 300 volatile flavor compounds in soy sauce have been identified by many studies. [5] [6] [7] The various volatiles identified in soy sauce include alcohols, aldehydes, acids, acetals, hydrocarbons, esters, furans, furanones, ketones, lactones, nitrogen-containing compounds, phenols, pyrones, pyrazines, pyridines, sulfur-containing compounds, and thiazoles. 8, 9) In particular, the 12 odorants, 3-methylbutanal, 3-hydroxy-4,5-dimethyl-2(5H)-furanone, 4-hydroxy-5-ethyl-2-methyl-3(2H)-furanone, 2-methylbutanal, methional, ethanol, ethyl 2-methylpropanoate, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, phenylacetaldehyde, acetic acid, 3-methylbutanoic acid, and 2-phenylethanol, have been found to be the most important odorants in Japanese soy sauce. 1) Some studies have compared the volatile compounds in soy sauce according to such processing methods as fermentation and acid-hydrolysis, 5) different stages of moromi (brine) fermentation and heat treatment, 6) and different extraction methods. 7) The characteristic flavor components formed by microorganisms in soy sauce generally depend on the raw materials used, koji produced, type of brine fermentation, and use of pasteurization.
10) The microorganism present is a particularly important factor affecting the formation of flavor components during brine fermentation. 10) It has been reported that the prevalence of lactic acid was inversely related to the depression of alcoholic fermentation. 11) Among the compounds produced by P. halophilus (T. halophilus), acetic acid has been considered to inhibit the growth of yeasts in soy sauce. 12) Accordingly, inoculating the brine mixture with such a microorganism as T. halophilus and Z. rouxii that is not naturally present could affect microbial growth and the formation of their primary and secondary metabolites in soy sauce during brine fermentation.
However, no previous study has compared the volatile profiles in soy sauce samples according to the micro-organisms inoculated into the brine mixture. The objective of the present study was to comprehensively compare the volatile profiles in soy sauce according to inoculation with T. halophilus and/or Z. rouxii during brine fermentation by using two extraction methods.
Materials and Methods
Materials and chemicals. Soybeans were soaked in water before being steamed, and then fermented for 44 h in a koji maker (Yegaki Food and System, Himeji, Japan). Koji was obtained by inoculating Aspergillus oryzae and by such naturally occurring microorganisms as yeasts and lactic acid bacteria. The prepared koji was mixed with 22% brine at the ratio of 1:2. Soy sauce samples were made by fermenting this mixture for 3 months with or without inoculated microorganisms.
LA and YE samples were respectively treated with Tetagenoccocus halophilus (code SMB-23) and Zygosacchromyces rouxii (code SMY-35). A seed culture of the LA sample was obtained by cultivating Tetagenoccocus halophilus (code SMB-23) for 48 h on a medium with 13% soy sauce, 7% glucose, 8% NaCl, and 0.13% yeast extract at pH 5.0 and 30 C. A seed culture of the YE sample was obtained by cultivating Zygosacchromyces rouxii (code SMY-35) for 48 h on a medium with 20% soy sauce, 2% glucose, and 6% NaCl at pH 7.0 and 30 C. These cultures were then inoculated at the level of 10 7 CFU/mL (Tetagenoccocus halophilus) and 10 6 CFU/mL (Zygosacchromyces rouxii). While the LY sample was inoculated with both microorganisms, the NT sample as a control was not processed by additional microorganisms (Table 1 ). All samples obtained were refrigerated at À70 C until being used for the experiments. All chemicals and solvents used were of analytical grade. Diethyl ether and water were purchased from J.T. Baker (Phillipsburg, NJ, USA). Sodium sulfate, n-alkane standards (C 7 -C 22 ), (Z)-3-hexenyl acetate, and 2-tridecanone were obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetaldehyde, 2-methoxyphenol, and 4-ethylphenol were supplied by Fluka (Buchs, Switzerland). 2-Phenylethanol was purchased from Junsei Chemical (Tokyo, Japan), while all of the other authentic standards were purchased from Sigma-Aldrich.
Extraction of the volatile components. Solid-phase microextraction (SPME) and solvent extraction were employed to obtain the volatile profile of soy sauce. With solid-phase microextraction, a soy sauce sample (20 mL) was put into a 60-mL vial with a silicon/Teflon septum (Supelco, Bellefonte, PA, USA) and 10 mL of 11 ppm (Z)-3-hexenyl acetate (w/v) was added as an internal standard. The sample was maintained at 40 C and magnetically stirred at 200 rpm for 30 min to reach the equilibrium state. The SPME fiber coated with 75 mm carboxen/polydimethylsiloxane (CAR/PDMS) (Supelco, Bellefonte, PA, USA) was used to adsorb the volatile compounds in the headspace at 40 C for 15 min. The volatiles adsorbed to the SPME fiber were desorbed in the GC injection port (250 C) for 5 min. In the case of solvent extraction, a soy sauce sample (25 mL) was added to redistilled diethyl ether (50 mL) with 200 mL of 100 ppm 2-tridecanone (w/v) as an internal standard, and the solution mixed well with a magnetic stirrer at 500 rpm for 30 min. The diethyl ether layer was separated and washed twice with distilled water, and then dehydrated using about 20 g of anhydrous sodium sulfate (Na 2 SO 4 ) on a 110-mm filter paper. The extract was concentrated to a final volume of 0.1 mL under a gentle stream of nitrogen gas. These extractions were conducted in triplicate.
Analysis by gas chromatography-mass spectrometry. The GC-MS analysis was performed with a 6890N gas chromatograph-5975 quadrupole mass selective detector (Agilent Technologies, Palo Alto, CA, USA) equipped with a DB-FFAP column (30 m length Â 0.25 mm i.d Â 0.25 mm film thickness, J&W Scientific, Folsom, CA, USA). Helium carrier gas was constantly suplied at a flow rate of 0.8 mL/min. In the case of SPME, the volatile compounds were desorbed by cryofocusing, using liquid nitrogen for 5 min. The GC injector temperature was kept at 250 C in the splitless mode with a purge-off time of 5 min. The oven temperature was maintained at 40 C for 12 min, increased to 60 C at a rate of 4 C/min, held for 4 min, increased again to 160 C at 4 C/min and then again to 240 C at 10 C/min, and finally held for 5 min. To analyze the solvent extract, an aliquot (1 mL) of the concentrated extract was injected in the splitless mode at a GC injector temperature of 230 C. The oven temperature was held at 40 C for 3 min, raised to 100 C at 12 C/min, raised again to 200 C at 4 C/min and then again to 250 C at 8 C/min, and finally held for 30 min. The other GC-MS conditions for SPME and solvent extraction were with a detector transfer line temperature of 250 C, the mass spectra being obtained in the electron ionization (EI) mode at 70 eV, with a mass scanning range of 35-550 amu at a scanning rate of 2.83 scan/s.
Identification and quantification. Each volatile compound was tentatively identified by using the Wiley 7n mass spectral database and RI values in previous literature. 1, 7, 13, 14) The RI values of the volatile compounds were calculated with n-alkanes from C7 to C22 as external standards. The relative peak areas of the volatile compounds were obtained by comparing the peak area of each on the GC-MS total ion chromatograms with that of the respective internal standard compound, 10 mL of (Z)-3-hexenyl acetate (11.15 mg/L) and 200 mL of 2-tridecanone (100 mg/L) for SPME and solvent extraction. The absolute concentrations of some major components were determined on the basis of these relative peak areas, assuming that the recovery and detector response of each of the compounds, including the internal standards, were equal.
Statistical analysis. An analysis of variance (ANOVA) was applied to evaluate significant differences in the volatile compounds of the soy sauce samples by using the general linear model (GLM) procedure in SPSS version 12.0 (SPSS, Chicago, IL, USA).
Results and Discussion
Volatile compounds in soy sauce isolated by the two extraction methods
The soy sauce samples used in this study are shown in Table 1 . The identified volatile compounds in the samples with their relative peak areas and retention indices (RIs) in the FFAP column are listed in Tables 2  and 3 . A total of 107 volatiles were detected by solidphase microextraction (SPME), comprising 9 acids, 21 aldehydes, 16 alcohols, 19 esters, 11 furans and furan derivatives, 12 ketones, 5 phenols, 1 pyrone, 1 pyrazine, 5 sulfur-containing compounds, 1 terpene, and 6 miscellaneous compounds (Table 2 ). On the other hand, 81 volatiles were detected by solvent extraction, including 25 acids, 9 aldehydes, 14 alcohols, 4 esters, 8 furan derivatives, 5 hydrocarbons, 4 ketones, 6 phenols, 2 pyrones, 1 pyridine, and 3 miscellaneous compounds ( Table 3 ). The profiles of the isolated volatiles therefore differ significantly between the two extraction methods. The volatile compounds extracted by SPME mainly comprised esters, low-molecularweight aldehydes, and ketones, whereas the predominant volatile compounds isolated by solvent extraction were acids, high-molecular-weight aldehydes and furanones. This indicates that SPME would be more suitable for extracting relatively highly volatile compounds with RI values of less than 900, whereas long-chain esters, acids, Table 3 ). b Retention indices were determined using n-paraffins C 7 -C 22 as external standards. c Average of relative peak areas to that of internal standard (n ¼ 3) AE standard deviation. d Volatile identification was performed as follows: A, mass spectrum and retention index were consistent with those of an authentic compound; B, mass spectrum and retention index were consistent with those of the literature; 1, 7, 13, 14) C, mass spectrum was consistent with that of the Wiley 7n mass spectral database (Agilent) or by manual interpretation. e There are significant differences (p < 0:05) among 8 different soy sauce samples using Duncan's multiple comparison test between the samples having the different letter in a row. f Not detected. and less volatile compounds are more efficiently isolated by using solvent extraction.
Volatile compounds in soy sauce isolated by the SPME method Among the nine acids, acetic acid was predominantly found in LA and LY which had been inoculated with T. halophilus. Acetic acid is one of the metabolites produced by lactic acid bacteria and can contribute a sour odor to soy sauce.
1) The contents of 2-methylpropanoic acid and 2/3-methylbutanoic acid were highest in LY at 0.010 and 0.019 mg/L, respectively. These branched-chain acids present strong pungent, sweaty, and cheese-like odor notes, 15, 16) and are known to be produced by the Ehrlich pathway of microorganisms by a sequence of processes in yeasts. Branched-chain amino acids, derived from soybean protein, turn into -keto acids through deamination or transamination during metabolic processes, and then they can generate branched-chain aldehydes and branched-chain acids through decarboxylation and oxidation. 17, 18) Such other short-chain fatty acids as propanoic acid and butanoic acid could have originated from the lipolysis of microorganisms and contribute a rancid odor note. 13, 16, 17) Most of the 21 aldehydes were only isolated by the SPME method, possibly due to their high volatility. The main aldehydes were 2-methylbutanal and 3-methylbutanal which are responsible for the malty odor note of soy sauce.
1) These branched-chain aldehydes come mainly from the corresponding branched-chain amino acids (e.g., isoleucine and leucine) of yeast via the Ehrlich pathway. 17, 18) On the other hand, the long-chain aldehydes, including hexanal, heptanal, octanal, and nonanal, are considered to be produced from long-chain fatty acids by enzymatic oxidation during fermentation. 19) Most of these aldehydes have beany and/or fatty odor notes. 17) In particular, benzaldehyde, which has cherrylike aroma note, was found in LA at the level of 0.015 mg/L. This compound is mainly produced from phenylalanine by microbial degradation, 20) and has been reported to be one of the major aldehyde metabolites of T. halophilus.
21)
A total of 16 alcohols were isolated by using SPME, the main one being ethanol. Ethanol is mainly produced from the alcoholic fermentation of yeast, but can also come from lactic acid bacteria. 17, 22) The levels of such diverse fusel alcohols as 2-methylpropanol, 2/3-methylbutanol, 3-(methylthio)-propanol and 2-phenylethanol were highest in YE. These fusel alcohols could have been derived from valine, isoleucine, leucine, methionine, and phenylalanine via the Ehrlich pathway from yeasts.
18) 2-Methylpropanol and 2/3-methylbutanol respectively present metallic and malty odor notes, 1, 23) whereas 2-phenylethanol is a rose-like odor-active Table 2 ). b Retention indices were determined using n-paraffins C 7 -C 22 as external standards. c Average of relative peak areas to that of internal standard (n ¼ 3) AE standard deviation. d Volatile identification was performed as follows: A, mass spectrum and retention index were consistent with those of an authentic compound; B, mass spectrum and retention index were consistent with those of the literature; 1, 7, 13, 14) C, mass spectrum was consistent with that of the Wiley 7n mass spectral database (Agilent) or by manual interpretation. e There are significant differences (p < 0:05) among 8 different soy sauce samples using Duncan's multiple comparison test between the samples having the different letter in a row. f Not detected. compound in fermented soy sauce. 5) A high level of 1-octen-3-ol, which has a mushroom-like odor, 15) was found in all soy sauce samples.
Most of the 19 esters were only identified by the SPME method, probably due to their high volatility. Esters generally provide a sweet or fruity aroma note, and are important for enhancing the flavor of fermented foods by masking the sharpness of unpleasant odor notes. 24) Since yeasts are able to esterify alcohols with acids, and soy sauce itself contains various alcohols and acids, diverse ester compounds can be generated in soy sauce. 17) Among these, ethyl acetate, which has a fruity and solvent-like odor note, was found to be the predominant ester in all samples at levels from 0.041 to 0.067 mg/L. The levels of such esters as ethyl 2-methylpropanoate and ethyl 2-methylbutanoate with fruity odor notes tended to be slightly higher in the samples treated with Z. rouxii. Most long-chain fatty acid esters, such as ethyl octanoate and ethyl dodecanoate, could come from lipids via lipolysis by microorganisms. 17) In contrast, the levels of methyl acetate and ethyl 2-hydroxypropanoate (ethyl lactate) were higher in the samples inoculated with T. halophilus. Ethyl lactate, which has a cookie-like aroma note, 23) can be produced by the esterification of lactic acid with ethanol.
Twelve furans and furan derivatives were detected, but most of their levels were quite low and not different from each other among the samples. Furans and 2-ethylfuran might have been related to the activities of T. halophilus, because their levels were higher in LA and LY. 2-Ethylfuran presents a green odor note and is a lipid oxidation product. 25, 26) 2-Pentylfuran is known to be a singlet oxidation compound produced from linoleic acid, 27) its level being especially high in LY. Most of the 12 ketones, except for 3-hydroxy-2-butanone, were only found in the soy sauce samples by using SPME. 2-Butanone (methyl ethyl ketone) and 2-propanone (dimethyl ketone) were dominant in all samples, most notably in LA. These methyl ketones might have arisen from microbially induced lipid oxidation, this being developed by microbial lipase, hydrogen peroxidase, and lipoxigenase. 17) While the level of 3-hydroxy-2-butanone (acetoin) was increased by Z. rouxii inoculation of soy sauce, it was decreased by inoculating with T. halophilus. This compound presents a buttery odor note and could have been produced from acetolactate via the fermentation of citrate, mainly by dairy lactic acid bacteria. 15) However, T. halophilus is known to have different end products via the citrate metabolism of dairy lactic acid bacteria. T. halophilus converts citrate into pyruvic acid with the release of carbon dioxide, and subsequently into either lactic acid or acetic acid, formic acid, and carbon dioxide, respectively depending on the absence or presence of glucose. 4, 28) In this connection, it seems that the acetoin found in the samples came not from T. halophilus, but from yeast or other lactic acid bacteria, naturally derived from koji.
All 5 phenols were identified at relatively low levels in most of the samples by SPME. Phenolic compounds, especially 4-ethyl-2-methoxyphenol (4-ethylguaiacol) and 4-ethylphenol, have been reported to be related to the characteristic aroma of soy sauce, imparting burnt and smoky odor notes. 1, 10, 29) Lignin in the raw materials could be degraded to ferulic acid and 4-hydroxycinnamic acid by an Aspergillus enzyme such as laccase. These phenolic acid compounds were converted into 4-ethylguaiacol and 4-ethylphenol during koji cultivation through decarboxylation and reduction by Candida (Torulopsis) species, and not by Z. rouxii. 2, 13, 22) 3-Methyl-2-methyl-4H-pyran-4-one (maltol) and methylpyrazine were detected by using the SPME method. Maltol could be formed from sugars during heating in the steaming, roasting, and pressing of raw materials, and would be perceived as a caramel and sweet odorant. 5) Pyrazine compounds have been associated with both non-enzymatic browning and such microbial action as that by Bacillus subtilis.
17)
Five sulfur-containing compounds were identified when using the SPME method which mainly originated from such sulfur amino acids as methionine and cysteine through the activities of microorganisms. 17) Methionine is degraded into methanethiol by microbial lyases, and then methanethiol yields such sulfides as dimethyl disulfide and dimethyl trisulfide via spontaneous secondary reactions. 17, 30) The levels of methanethiol, dimethyl disulfide, and dimethyl trisulfide were much higher in the samples treated with T. halophilus, these compounds being associated with cooked cabbage and garlic-like odor notes.
30)
Volatile compounds in soy sauce isolated by the solvent extraction method
The 25 acids detected in this study were only isolated by solvent extraction, probably due to their low volatility. The respective levels of acetic acid and formic acid were highest in LA inoculated with T. halophilus (14 mg/L and 0.022 mg/L). This could have been due to formic acid arising from citrate metabolism being accompanied with acetic acid and carbon dioxide by T. halophilus in the presence of glucose. 28) Acetic acid and formic acid produced by T. halophilus could also inhibit the growth of Z. rouxii, 12) resulting in their levels being lower in LY than in LA. Significant levels of 2-phenylacetic acid, 3-hydroxy-4-methoxybenzoic acid (vanillic acid), and benzoic acid were identified in all of the soy sauce samples. It is known that ferulic acid, which is naturally present in plant cell walls, can be converted into vanillic acid and vanillin by fungi and bacteria. 22) Phenylalanine can be turned into benzoic acid by bioconversion or 2-phenylacetic acid via the Ehrlich pathway in yeast. 5, 18) 3-(Methylthio)-propanoic acid, which is a chocolate-like and roasted odorant normally found in wine, 18) was one of the main compounds associated with LA inoculated with T. halophilus, being present at the level of 0.16 mg/L. This compound can be produced by the oxidation of 3-(methylthio)-propanal (methional) generated from methionine. 18) Nine aldehydes were identified, these mostly being high-molecular-weight compounds and extracted at relatively low levels. The level of 4-hydroxy-3-methoxybenzaldehyde (vanillin) was highest in LA, followed by LY. Since vanillin can inhibit the growth of Z. rouxii, 31) and Z. rouxii can produce vanillyl alcohol or vanillic acid via the bioconversion of vanillin, 31 ) the level of vanillin was higher in LA (0.12 mg/L) than in YE (0.048 mg/L). The 14 alcohols isolated by solvent extraction included such diverse fusel alcohols as 1-propanol, 1-butanol, 2-methylpropanol, 2/3-methylbutanol, 3-(methylthio)-propanol, and 2-phenylethanol, as well as a high level of ethanol. The levels of fusel alcohols were highest in the YE sample, probably due to the fermentation of yeasts via the Ehrlich pathway. 18) In contrast, 1-hexanol, 1-octanol, and 1-nonanol, which have green odor notes, 29) might have been produced by the enzymatic lipid oxidation of unsaturated fatty acids in soybeans. 17) Four esters were detected by using solvent extraction. In particular, such high-molecular-weight esters as ethyl hexadecanoate and ethyl linoleate were found only when using solvent extraction.
Some of the furan derivatives (from among the eight furans and furan derivatives) were also found only when using the solvent extraction method, due to their low volatility. 4-Hydroxy-2,5-dimethyl-2(3H)-furanone (HDMF) and 4-hydroxy-2(or 5)-ethyl-5(or 2)-methyl-2(3H)-furanone (HEMF) both with a caramel-like odor note have been reported as the most important flavor components in fermented Japanese soy sauce. It has been reported that HEMF and HDMF were secondary metabolites of Z. rouxii, involving different precursor sugars. 32, 33) Compared with HDMF, more HEMF was found in our study. In particular, a relatively high level of HEMF was observed in the YE sample inoculated with Z. rouxii (2.1 mg/L), this being followed by the NT control level (1.7 mg/L). We consider that Z. rouxii could have been responsible for the formation of HEMF. The high level of HEMF in NT could be also have been due to yeasts, including Z. rouxii, naturally present in koji. We consider that lactic acid bacteria in the LA and LY samples could have prevented the growth of Z. rouxii. 34) In contrast, the Maillard reaction, which would have occurred mainly while steaming soybeans before fermentation, could have been responsible for the formation of HDMF in our samples. It was accordingly expected that the level of HDMF did not vary according to the sample (0.066-0.093 mg/L). We assume that the relatively high level of HDMF in the LA sample would have been due to the formation of more organic acids that lowered the pH value which could have accelerated the degradation of sugars and the production of precursors for HDMF.
Four ketones were isolated. 2-Hydroxy-3-methyl-2-cyclopenten-1-one (cyclotene), a sweet odorant in soy sauce, 23) contributed to the odor of LA (0.065 mg/L). Cyclotene has been reported to be formed by the Maillard reaction, possibly derived from fructose or threonine via a lactic aldehyde. 2) 4-Vinyl-2-methoxyphenol, which has spicy and clove odor notes, 1) was the dominant of the five phenols. 2,6-Dimethoxyphenol has been reported to be a major flavor compound in Japanese soy sauce. 4, 32) These components could be thermal degradation products of lignin-related phenolic carboxylic acids in the plant cell wall.
13)

Conclusions
This study found that the major volatile compounds in the samples treated with T. halophilus were acetic acid, formic acid, benzaldehyde, ethyl 2-hydroxypropanoate, 3-(methylthio)-propanoic acid, 2-hydroxy-3-methyl-2-cyclopenten-1-one (cyclotene), and 4-hydroxy-3-methoxybenzaldehyde (vanillin). In contrast, those in the samples inoculated with Z. rouxii were mainly ethanol, ethyl propanoate, 2/3-methylbutanol, 1-butanol, 2-phenylethanol, ethyl 2-methylpropanoate, and 4-hydroxy-2-ethyl-5-methyl-3(2H)-furanone (HEMF).
During brine fermentation, T. halophilus decreases the initial pH value of about 7.0 by producing lactic acid. After the pH value has decreased to less than 5.0, T. halophilus is unable to grow, and alcoholic fermentation can be started by Z. rouxii. 22) It is known that toorapid growth of lactic acid bacteria can lead to rapid decreases in the pH value and protein digestibility. 2) Acetic acid and formic acid produced by T. halophilus could also inhibit the growth of Z. rouxii.
12) It is therefore considered that inoculating the brine mixture with T. halophilus can produce significant acid compounds and affect the Z. rouxii activity. The volatile compounds related to YE comprised branched or aromatic fusel alcohols, aldehydes, and ester compounds, in contrast to LA being mainly associated with acids. The results presented here support the notion that yeasts and lactic acid bacteria have different metabolic pathways respectively involving alcoholic fermentation and lactic acid fermentation, and produce different dominant volatile compounds in soy sauce.
